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Sr2Fei.5Moo.506_5  (SFM)  was  prepared  using  a  microwave-assisted  combustion  synthesis  method. 
Rietveld  refinement  of  powder  X-ray  diffraction  data  reveals  that  SFM  crystallizes  in  the  simple  cubic 
perovskite  structure  with  iron  and  molybdenum  disordered  on  the  B-site.  No  structure  transition  was 
observed  by  variable  temperature  powder  X-ray  diffraction  measurements  in  the  temperature  range  of 
25-800  °C.  XPS  results  show  that  the  iron  and  molybdenum  valences  change  with  an  increase  in  tem¬ 
perature,  where  the  mixed  oxidation  states  of  both  iron  and  molybdenum  are  believed  to  be  responsible 
for  the  increase  in  the  electrical  conductivity  with  increasing  temperature.  SFM  exhibits  excellent  redox 
stability  and  has  been  used  as  both  anode  and  cathode  for  solid  oxide  fuel  cells.  Presence  of  sulfur  species 
in  the  fuel  or  direct  utilization  of  hydrocarbon  fuel  can  result  in  loss  of  activity,  however,  as  shown  in 
this  paper,  the  anode  performance  can  be  regenerated  from  sulfur  poisoning  or  coking  by  treating  the 
anode  in  an  oxidizing  atmosphere.  Thus,  SFM  can  be  used  as  a  regenerating  anode  for  direct  oxidation  of 
sulfur-containing  hydrocarbon  fuels. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  can  efficiently  convert  the  chem¬ 
ical  energy  of  the  fuel  directly  into  electricity  with  fuel  flexibility 
[1,2].  The  current  focus  of  SOFCs  is  primarily  on  systems  consisting 
of  an  yttria-stabilized  zirconia  (YSZ)  electrolyte  and  a  porous  Ni- 
YSZ  cermet  anode,  which  works  well  with  H2  and  CO-based  fuels. 
However,  during  direct  oxidation  of  sulfur-containing  hydrocarbon 
fuels,  such  as  natural  gas,  the  Ni-YSZ  anode  can  be  easily  fouled  by 
carbon  deposition  and  sulfur  poisoning  [3].  Consequently,  devel¬ 
opment  of  a  cost  effective  anode  material  that  can  mitigate  coking 
or  sulfur  poisoning  is  of  great  interest,  as  it  will  improve  the  per¬ 
formance  and  durability  of  SOFCs  and  enable  them  to  operate  by 
direct  utilization  of  hydrocarbon  fuels.  By  eliminating  the  need  for 
external  fuel  reforming  and  sulfur  removal  components,  the  SOFC 
system  can  be  greatly  simplified  and  operate  with  much  higher 
overall  efficiency  [4,5]. 

Recently,  a  new  SOFC  configuration  using  the  same  ceramic 
material  for  both  electrodes,  a  so-called  symmetrical  SOFC,  has 
been  proposed  and  investigated  [6,7].  The  application  of  this  fuel 
cell  concept  allows  the  anode  to  switch  and  become  the  cathode  and 
vice  versa,  consequently  providing  a  simple  means  to  remove  the 
coking  problem  by  exposing  the  deactivated  anode  to  an  oxidizing 
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atmosphere.  Additionally,  in  the  case  of  sulfur  poisoning  caused  by 
reversible  sulfur-adsorption  at  the  anode,  this  new  fuel  cell  configu¬ 
ration  can  potentially  lead  to  a  higher  tolerance  to  sulfur-containing 
fuels.  Furthermore,  symmetrical  SOFCs  will  reduce  the  number  of 
fuel  cell  components  from  at  least  three  materials  to  just  two,  con¬ 
sequently  simplifying  the  fuel  cell  fabrication  process  and  reducing 
the  thermal  stresses  generated  at  the  interfaces  of  different  cell 
components.  This  can  potentially  lead  to  a  significant  reduction 
in  the  cost  and  an  enhancement  in  the  reliability  of  the  SOFC 
system. 

Much  of  the  current  interest  in  perovskites  as  electrode  mate¬ 
rials  can  be  attributed  to  the  work  of  Goodenough  et  al.  on  the 
Sr2MgMo06_5  system  [5,8].  In  order  to  improve  the  electrical  prop¬ 
erties  of  this  system,  the  Mg2+  ions  were  replaced  with  Fe,  which 
is  capable  of  achieving  oxidation  states  of  +2  or  +3  in  this  system. 
The  redox  couple  Fe2+  +  Mo6+  Fe3+  +  Mo5+  is  expected  to  gener¬ 
ate  electronic  carriers,  as  well  as  to  introduce  oxygen  vacancies 
into  the  lattice  to  allow  ionic  conduction  [9,10].  By  investigation 
of  the  Sr2FexMo2_x06_5  phase  space,  the  Sr2Fei.5Moo.506_5  (SFM) 
perovskite  has  been  determined  to  be  a  promising  electrode  mate¬ 
rial  for  symmetrical  SOFCs  [11].  The  conductivity  of  SFM  in  air  and 
wet  hydrogen  can  reach  21  and  13Scm_1  at  800  °C,  respectively. 
In  this  paper,  we  have  evaluated  the  structure,  valence  states,  con¬ 
ductivity  change,  and  regeneration  properties  of  this  material,  with 
the  ultimate  goal  of  assessing  the  feasibility  of  using  this  material 
as  a  sulfur-tolerant  anode  for  direct  utilization  of  hydrocarbon  fuels 
in  SOFCs. 
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2.  Experimental 

2  A.  Materials  characterization 

SFM  was  synthesized  by  a  microwave-assisted  combustion 
method.  Details  of  the  powder  synthesis  and  cell  fabrication  can  be 
found  in  our  previous  report  [9].  Room-temperature  X-ray  diffrac¬ 
tion  measurement  was  done  on  a  Rigaku  Ultima  IV  diffractometer 
using  Cu  Ka  radiation.  Data  were  collected  at  a  0.02°  step  with  a 
scan  speed  of  0.1°  min-1  over  the  20  range  15-140°.  Rietveld  refine¬ 
ment  of  the  data  was  performed  using  the  GSAS  software  package 
and  the  EXPGUI  interface  [12,13].  A  pseudo-Voigt  function  was 
used  to  model  the  peak  profile  and  the  background  was  described 
by  a  linear  interpolation  function.  In  situ  high-temperature  X- 
ray  diffraction  study  was  performed  using  a  hot-stage-equipped 
Rigaku  D/Max  2100  diffractometer  using  Cu  Ka  radiation.  Data 
were  collected  at  a  0.02°  step  for  2.4  s  step-1  over  the  20  range 
15-100°.  The  cell  parameter  at  each  temperature  interval  was 
obtained  using  the  cell  refinement  function  in  JADE  [14]. 

The  microstructure  and  morphology  of  the  samples  were  char¬ 
acterized  by  scanning  electron  microscopy  (SEM,  FEI  Quanta  200) 
coupled  with  energy  dispersive  spectroscopy  (EDS).  X-ray  photo¬ 
electron  spectroscopy  (XPS)  data  were  collected  with  a  Kratos  Axis 
Ultra  DLD  instrument  in  both  oxidizing  and  reducing  atmospheres, 
at  room  temperature  and  at  550  °C. 

Oxygen  temperature-programmed  desorption  (02-TPD)  was 
conducted  on  a  ChemBET  3000  system.  Prior  to  each  02-TPD  test, 
100  mg  of  sample  was  degassed  in  nitrogen  at  500  °C  for  2  h.  It  was 
then  treated  in  pure  oxygen  for  30  min  before  being  cooled  down 
to  room  temperature.  The  sample  was  then  exposed  to  flowing 
helium  and  the  temperature  was  ramped  up  at  a  rate  of  20  °C  min-1 , 
with  the  release  of  oxygen  monitored  through  an  on-line  thermal 
conductivity  detector  (TCD). 

2.2.  Fuel  cell  testing 

Lao.9Sr0.iGa0.8Mgo.203  (LSGM)  electrolyte  supported  symmet¬ 
rical  single  cells  with  the  configuration  of  SFM|LSGM|SFM  were 
evaluated.  LSGM  electrolyte  pellets  (13  mm  in  diameter)  were 
formed  by  uniaxially  pressing  LSGM  powders  under  200  MPa  and 
then  were  sintered  at  1400  °C  in  air  for  5h  at  a  ramping  rate  of 
2°Cmin~1.  The  resulting  LSGM  pellets  had  a  thickness  of  around 
0.4  mm.  A  slurry  consisting  of  SFM  and  a  Heraeus  binder  V006 
(weight  ratio  of  1 :1 )  was  then  applied  to  both  surfaces  of  the  elec¬ 
trolyte  by  screen-printing,  and  then  fired  at  1 1 00  °C  in  air  for  3  h  to 
form  porous  electrode.  The  resulting  electrode  had  a  thickness  of 
40  p>m  and  an  effective  electrode  area  of  0.33  cm2.  Gold  paste  was 
brushed  on  the  anode  side  as  current  collector  while  Pt  paste  was 
applied  on  the  cathode  side  as  current  collector. 

The  single  cell  was  sealed  on  an  alumina  tube  with  a  glass- 
ceramic  sealant.  The  cathode  side  was  open  to  air  while  the  anode 
side  was  exposed  to  fuel  at  a  flow  rate  of  40  mL  min-1 .  Electrochem¬ 
ical  characterizations  of  the  cells  were  performed  under  ambient 
pressure  using  a  Versa  STAT  3-400  test  system  (Princeton  Applied 
Research).  AC  impedance  spectroscopy  was  measured  under  open 
circuit  conditions  in  the  frequency  range  from  100  kHz  to  0.01  Hz. 

3.  Results  and  discussion 

3 A.  XRD  and  TEM  study 

The  phase  space  of  Sr2FexMo2_x06  (0.8  <x<  1.5)  has  been  struc¬ 
turally  characterized  by  Rao  and  coworkers  using  powder  X-ray 
diffraction  [15].  Forx  <  1 .2,  the  structure  has  been  assigned  to  a  dou¬ 
ble  perovskite  in  the  space  group  lA\mmm  of  the  tetragonal  system. 


Table  1 

Structural  parameters  and  selected  interatomic  distances  for  S^Fei.sMoo.sOg^ 
obtained  from  Rietveld  refinement  of  powder  X-ray  diffraction  data.  Atomic  posi¬ 
tions  are  Sr  (0.5,  0.5,  0.5),  Fe/Mo  (0,  0,  0),  and  O  (0,  0,  0.5)  in  space  group  Pm-3m  of 
the  cubic  system. 


Temperature  (K) 

298 

a  (A) 

3.92874(6) 

Volume  (A3) 

60.640(3) 

Rp  (%) 

5.80 

Rwp (X) 

8.29 

X2 

3.026 

Sr  (Bis0)  (A2) 

1.03(2) 

Fe/Mo  (Biso)(A2) 

0.58(3) 

O  (Biso)  (A2) 

1.79(6) 

Sr-0  x  12  (A) 

2.78804(3) 

Fe/Mo-0  x  6  (A) 

1.96437(3) 

For  x>  1.2,  the  structure  has  been  solved  as  a  double  perovskite  in 
space  group  Fm-3m  of  the  cubic  system.  The  ordering  of  Fe  and  Mo 
on  the  B  and  B'  sites  has  a  maximum  at  x  =  0.95,  and  decreases  as 
x  deviates  from  this  value.  For  the  compound  Sr2Fe1>5Moo.506,  the 
Fe  occupancy  of  the  B  (0,  0,  0)  and  B'  (0,  0,  0.5)  sites  is  0.7402(127) 
and  0.7598(127),  respectively.  Within  error,  this  is  the  3:1  iron- 
to-molybdenum  ratio  expected  from  the  nominal  stoichiometry  of 
the  phase.  The  Fe  and  Mo  cations  are  fully  disordered  on  both  the 
B  and  B'  sites  of  the  cubic  double  perovskite  structure.  Therefore, 
we  have  instead  solved  the  structure  of  Sr2Fet i5Moo>506_5  as  a  fully 
disordered  simple  cubic  perovskite.  (We  note  here  that  Rao  et  al. 
most  likely  refined  the  structure  of  Sr2Fei.5Moo.506  in  space  group 
Fm-3m  for  ease  of  comparison  with  the  phases  where  x=  1.3  and 
x  =  1.4.) 

Rietveld  refinement  of  the  powder  X-ray  diffraction  data  for 
Sr2Fe!  5Mo0.5O6_5  converges  to  a  satisfactory  solution  in  space 
group  Pm-3m  of  the  cubic  system  (Table  1).  The  experimental  and 
calculated  patterns  and  the  difference  between  them,  as  well  as  the 
expected  Bragg  peak  positions  for  Sr2Fet  5Mo0.5O6_5  are  displayed 
in  Fig.  1.  If  the  lattice  parameter  from  Sr2Fei.5Mo0.5O6_5  in  the 
cubic  simple  perovskite  structure  (ap)  is  transformed  into  that  of 
the  cubic  double  perovskite  structure  (2ap),  a  value  of  7.85748(6)  A 
is  obtained.  This  value  is  slightly  smaller  than  the  lattice  parame¬ 
ter  of  7.8717(1)  A  for  Sr2Fei.5Moo.506  reported  by  Rao.  The  reason 
for  this  is  the  difference  in  ionic  radii  [16]  between  six-coordinate 
Fe2+  (0.78  A)  and  six-coordinate  Fe3+  (0.645  A),  as  well  as  those 
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Fig.  1.  Rietveld  refinement  of  powder  X-ray  diffraction  data  for  Sr2Fei.5Moo.5  06_^. 
Crosses  are  observed  data,  the  solid  red  line  is  the  calculated  pattern,  and  the  blue 
line  is  the  difference.  Tick  marks  indicate  the  allowed  Bragg  reflections.  The  inset 
is  the  crystal  structure  of  Sr2Fei.5Moo.5  06_^.  Blue  octahedra  represent  disordered 
Fe  (75%)  and  Mo  (25%)  atoms,  gray  spheres  represent  Sr  atoms,  and  red  spheres 
represent  O  atoms. 
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Fig.  2.  In  situ  high-temperature  powder  X-ray  diffraction  data  for  S^Fei.sMoo.sOs^  over  the  temperature  range  25-800  °C. 


of  six-coordinate  Mo5+  (0.61  A)  and  six-coordinate  Mo6+  (0.59  A) 
[16].  The  Sr2Fe1.5Moo.5O6  sample  had  been  subjected  to  sinter¬ 
ing  at  1280°C  for  12  h  in  a  stream  of  5%  H2/Ar  in  Rao’s  study, 
which  is  expected  to  reduce  the  sample,  thereby  increasing  the 
proportion  of  the  larger  Fe2+  and  Mo5+  cations.  However,  prior  to 
X-ray  diffraction,  the  Sr2Fei.5Moo.506_5  sample  had  only  under¬ 
gone  microwave-combustion  and  calcination  in  air  at  1000°C  in 
this  study,  and  therefore  should  contain  primarily  the  smaller  Fe3+ 
and  Mo6+  cations,  as  evidenced  by  XPS  (see  discussion  below). 

No  structural  transition  for  Sr2Fe1>5Moo.506_5  is  observed  in 
the  in  situ  high-temperature  powder  X-ray  diffraction  in  the  tem¬ 
perature  range  of  25-800  °C  (Fig.  2).  Furthermore,  no  additional 
phases  appear  over  the  given  temperature  range,  suggesting  that 
the  compound  is  stable  in  air  up  to  800  °C.  The  peaks  in  the  diffrac¬ 
tion  pattern  shift  to  lower  20  angles  as  the  temperature  increases, 
resulting  in  an  increase  in  lattice  parameter  with  temperature 
(Fig.  3).  From  the  high-temperature  powder  X-ray  diffraction  data, 
the  isotropic  thermal  expansion  coefficient  is  determined  to  be 
6.9(2)  x  10-5  A°C_1. 

TEM  studies  were  undertaken  to  evaluate  the  local  crystal  struc¬ 
ture.  Several  selected  area  electron  diffraction  (SAED)  patterns 
along  the  [111]  and  [110]  zone  axes  and  on  different  grains  were 


Fig.  3.  Plot  of  lattice  parameter  (A)  versus  temperature  (°C)  for  S^Fei.sMoo.sOg^, 
along  with  a  straight  line  fit  showing  the  isotropic  thermal  expansion. 


taken  as  shown  in  Fig.  4.  They  can  be  indexed  to  the  cubic  simple 
perovskite  structure  with  a  lattice  parameter  of  a  ~  3.9  A  where  the 
reflection  conditions  correspond  to  space  group  Pm-3m  [17]  con¬ 
sistent  with  the  absence  of  B-site  cation  ordering  as  determined  by 
the  Rietveld  analysis  of  powder  X-ray  diffraction  data. 

Interestingly,  relatively  high  intensity  streaks  along  [1  1  1  ]  in  the 
(110)  diffraction  pattern  were  observed  for  some  grains,  which 
could  be  interpreted  as  either  local  B-site  cation  ordering  [17],  the 
overlap  of  stacking  fault-derived  scattering  [17],  or  as  an  ordering 
of  oxygen  vacancies  [18].  Recently,  Meneghini  et  al.  have  reported 
the  results  of  their  simulation  study  of  Sr2FeMo06,  suggesting  that 
a  very  high  degree  of  short  range  ordering  is  preserved  even  in  sam¬ 
ples  that  appear  to  be  fully  disordered  macroscopically.  Thus,  it  is 
possible  that  anti-site  defects  are  not  homogeneously  distributed 
throughout  the  sample  and  that  nano-sized  anti-phase  domains  are 
present  in  the  system  [19].  However,  our  SFM  system  has  a  very  dif¬ 
ferent  iron  to  molybdenum  ratio  (1. 5:0.5)  than  that  of  Sr2FeMo06 
(1:1),  which  in  fact  requires  anti-site  disorder.  Generally,  in  dou¬ 
ble  perovskites,  B-site  ordering  results  from  the  size  and  charge 
differences  of  the  two  cations.  Hence  it  is  possible  that  due  to  the 
presence  of  Fe2+/Fe3+  and  Mo5+/Mo6+  couples  in  Sr2Fei.5Moo.506_5, 
some  local  ordering  exists  on  the  nanoscale. 

3.2.  XPS  analysis 

Our  experimental  data  show  that  relative  to  the  electronic 
conductivity,  the  ionic  conductivity  is  negligible  [10].  Conse¬ 
quently,  the  measured  total  conductivity  represents  primarily 
the  electronic  conductivity.  For  perovskite  oxides,  the  electronic 
conductivity  is  closely  related  to  the  crystal  structure  and  the 
presence  of  mixed  valency  on  the  B-site  [20].  As  no  struc¬ 
ture  transition  was  detected  in  the  high-temperature  powder 
X-ray  diffraction  data  (Fig.  2),  it  is  likely  that  the  increase  in 
the  total  electrical  conductivity  with  temperature  may  be  related 
to  the  change  in  the  degree  of  mixed  valency  caused  by  oxygen  loss 
with  the  increase  in  temperature. 

Investigations  of  the  B-site  mixed  valency  can  provide  addi¬ 
tional  insight  into  the  reasons  for  the  observed  high  electrical 
conductivity  in  SFM.  XPS  measurements  were  carried  out  to  study 
the  iron  and  molybdenum  oxidation  states  in  SFM  as  a  function 
of  temperature  (Fig.  5).  The  XPS  analysis  was  performed  on  the  Fe 
2p3/2  excitations  (Fig.  5a).  Data  analysis  of  the  Fe  2p3/2  level  con¬ 
firms  that  iron  in  SFM  exists  as  both  Fe3+  (binding  energy  =  71 0.4  eV) 
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Fig.  4.  SAED  patterns  of  (a)  [1 1  0],  and  (b)  [1 1  1  ]  zone  axes  for  Sr2Fei.5Moo.506_5. 


and  Fe2+  (709.2  eV),  in  good  agreement  with  results  reported  by 
Zhang  et  al.  [21  ].  Fig.  5b  shows  the  Mo  3d  core-level  spectra  of  the 
SFM  sample  at  room  temperature.  A  curve-fitting  analysis  of  the  Mo 
3d5/2  spectra  yields  two  contributions  to  the  data,  one  from  Mo6+  at 
232.1  eV,  and  one  from  Mo5+  at  231.6  eV.  It  can  be  clearly  seen  that 
the  valences  of  Fe  and  Mo  change  significantly  as  a  consequence 
of  the  heat  treatments,  which  should  correlate  with  the  samples’ 
oxygen  content.  At  room  temperature,  the  majority  of  the  iron  and 
molybdenum  cations  exist  as  Fe3+  and  Mo6+,  shifting  to  32.4%  Fe2+ 
and  61.1%  Mo5+  at  550  °C,  the  upper  temperature  limit  for  the  XPS 
instrument  available  to  this  study.  It  can  be  clearly  seen  that  the 
Fe2+  and  Mo5+  content  increase  with  the  increase  in  temperature, 
where  the  relative  ratio  of  Fe2+/Fe3+  and  Mo5+/Mo6+  will  influence 
the  electronic  conductivity  via  the  Fe3+  +  Mo5+  Mo6+  +  Fe2+  pro¬ 
cess  [22].  Consequently,  the  oxide  ion  conductivity  should  increase 
due  to  an  increase  in  the  number  of  oxygen  vacancies.  There  may 
be  an  upper  limit  to  the  oxygen  vacancies  in  SFM.  According  to 
Goodenough  et  al.,  the  Mo6+/Mo5+  redox  band  can  overlap  with 
the  Fe3+/Fe2+  couple  and  protect  iron  from  being  fully  reduced  to 
the  metallic  state  [23].  In  any  case,  regardless  of  the  limit  of  the 
total  oxygen  deficiency  in  this  oxide,  it  does  not  reach  the  point 
where  the  structure  collapses.  This  behavior  is  further  supported 


by  the  results  of  our  oxygen  temperature-programmed  desorption 
(02-TPD)  experiments. 

3.3.  TPD  characterization 

A  typical  02-TPD  profile  of  SFM  is  shown  in  Fig.  6,  where  the 
oxygen  evolution  is  measured  as  a  function  of  the  operating  tem¬ 
perature.  For  comparison,  the  corresponding  02-TPD  profile  of 
Sr2MgMo06  (SMM)  is  also  provided  in  Fig.  6,  indicating  significant 
differences  between  the  two  materials.  Two  types  of  desorbed  oxy¬ 
gen,  corresponding  to  the  two  peaks  in  the  02-TPD  profiles,  have 
been  widely  reported  in  the  literature  for  perovskite-type  materi¬ 
als,  with  significantly  different  temperatures  of  desorption  [24,25]. 
The  first  type  is  designated  as  a-02  and  is  associated  with  sur¬ 
face  oxygen  species  desorbing  at  temperatures  below  700  °C.  The 
second  type  is  denoted  as  |3-02  and  has  been  attributed  to  either  lat¬ 
tice  or  interstitial  oxygen  species  desorbing  at  temperatures  above 
800  °C.  As  shown  in  Fig.  6,  surface  oxygen  desorbs  from  SFM,  while 
lattice  or  interstitial  oxygen  desorbs  from  SMM.  This  result  sug¬ 
gests  that  oxygen  vacancies  form  more  readily  on  the  surface  of 
SFM  at  intermediate  temperatures  than  on  the  surface  of  SMM.  In 
contrast,  SMM  loses  significant  quantities  of  lattice  oxygen  at  tem- 


Fig.  5.  XPS  spectra  and  curve-fitting  of  (a)  Fe  2p  and  (b)  Mo  3d  core-level  of  Sr2Fei.5Moo.506_5  at  room  temperature  and  550  °C. 
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Fig.  6.  TPD  profiles  of  S^MgMoOe  (SMM)  and  S^Fei.sMoo.sOg^  (SFM). 

peratures  above  800  °C,  as  indicated  by  the  large  peak  centered  at 
850  °C,  which  is  not  observed  for  SFM,  where  oxygen  evolution  is 
minimal  within  that  temperature  ranges.  Apparently,  the  presence 
of  iron  ions  in  SFM  allows  for  significant  reduction  (Fe3+  to  Fe2+ 
and  perhaps  Mo6+  to  Mo5+)  at  a  lower  temperature,  a  process  that 
is  completed  by  900-1000  °C.  In  contrast,  the  magnesium  ions  in 
SMM  are  not  reducible,  and  therefore,  the  high  temperature  oxy¬ 
gen  evolution  should  be  attributed  exclusively  to  the  reduction  of 
Mo6+  to  Mo5+.  In  both  cases,  oxygen  vacancies  are  present  at  high 
temperatures. 

The  results  of  the  XPS  and  TPD  studies  suggest  the  presence  of 
significant  oxygen  vacancies  in  SFM,  which  are  expected  to  lead  to 
substantial  oxide  ion  conductivity.  In  fact,  the  oxide  ion  conductiv¬ 
ity  of  SFM  has  been  measured  to  reach  0.13  S  cm-1  at  800  °C  in  air, 
which  is  significantly  higher  than  that  of  the  current  state-of-the- 
art  cathode  material  for  SOFCs,  La0.8Sr0.2MnO3,  which  has  an  oxide 
ion  conductivity  of  only  5.93  x  1 0-7  S  cm-1  at  800  °C,  and  compara¬ 
ble  to  that  of  the  Co-based  cathode  material,  La0.6Sr0.4CoO3,  which 
has  an  oxide  ion  conductivity  of  0.22  S  cm-1  at  800  °C  [  1 0]. 

3.4.  Cell  regenerative  test 

SFM  was  used  as  both  the  anode  and  the  cathode  material  in  the 
symmetrical  SOFC  with  the  configuration  of  SFM|LSGM|SFM,  and 
was  operated  at  a  constant  cell  voltage  of  0.5  V  to  determine  the 
cell  performance  and  the  overall  performance  stability.  As  shown 
in  Fig.  7,  after  undergoing  five  redox  cycling  tests  at  800  °C,  the 
maximum  power  output  of  the  symmetrical  SOFC  remains  stable, 
suggesting  that  SFM  has  very  good  redox  stability. 

The  good  redox  stability  prompted  us  to  further  evaluate  SFM  as 
a  regenerating  anode  to  mitigate  sulfur  poisoning  and  coking  issues 
that  are  typically  encountered  during  the  direct  oxidation  of  sulfur- 
containing  hydrocarbon  fuels.  Sulfur  tolerance  and  the  recovery  of 
the  catalytic  activity  of  the  anode  from  sulfur  poisoning  are  major 
concerns  for  the  durability  and  reliability  of  the  fuel  cells.  Regen¬ 
erating  characteristics  of  the  SFM  anode  were  evaluated  by  cyclic 
testing  of  the  fuel  cell  operated  between  H2  and  H2  with  100  ppm 
H2S.  As  shown  in  Fig.  7,  after  operating  in  H2  with  1 00  ppm  H2S  for 
6  h  at  800  °C,  a  1 0%  current  drop  was  observed,  which  is  much  better 
than  that  of  a  typical  Ni-based  cermet  anode  operated  under  sim¬ 
ilar  conditions.  To  evaluate  if  the  anode  could  be  regenerated,  the 
sulfur-poisoned  anode  was  heated  in  air  at  800  °C  for  3  h.  As  shown 
in  Fig.  7,  the  cell  performance  was  almost  fully  recovered  following 
such  a  regeneration  treatment.  The  sulfur-poisoning  and  oxidation 
regeneration  process  was  repeated  5  times,  and  no  obvious  signs  of 


0  10  20  30  40  50  60  70  80  90  100 

Elapsed  time  (h) 

Fig.  7.  Stability  of  the  SFM|LSGM|SFM  single  cell  at  800  °C  versus  the  time  of  stream 
after  10  cycles.  In  the  first  5  cycles  are  redox  cycle  test,  the  anode  gas  was  switched 
between  air  and  H2;  In  the  last  5  cycle  tests,  the  anode  gas  was  switched  between 
H2  and  H2  with  1 00  ppm  H2  S.  The  maximum  power  density  was  recorded  after  each 
cycle. 

permanent  anode  deactivation  were  observed,  demonstrating  that 
SFM  can  be  applied  as  a  sulfur-tolerant  anode  in  SOFCs. 

Finally,  since  SOFCs  have  the  ability  to  directly  utilize  hydrocar¬ 
bon  fuels  without  external  reforming,  the  regeneration  of  the  fuel 
cell  from  anode  coking  deactivation  is  also  important.  It  should  be 
noted  that  in  the  symmetrical  SOFC  using  SFM  as  the  electrode, 
the  cell  performance  is  much  higher  using  H2  as  the  fuel  compared 
with  that  using  CH4  as  the  fuel.  For  example,  the  peak  cell  power 
density  at  850  and  900  °C  using  CH4  as  the  fuel  are  only  125  and 
250  mW  cm-2,  respectively  [9].  Previous  studies  show  that  the  ideal 
anode  for  direct  oxidation  of  hydrocarbons  satisfies  the  following 
merits  [26]:  high  electrocatalytic  activity  for  the  reaction  of  the 
hydrocarbon  with  oxide  ions  at  the  three  phase  boundary  (TPB)  and 
high  catalytic  activity  for  the  reaction  of  the  hydrocarbon  with  the 
produced  H20  (steam  reforming),  or  hydrocarbon  directly  cracking, 
which  can  be  expressed  by  the  following  three  reactions: 


CH4  +  402-  ->>  2H20  +  C02  +  8e- 

(i) 

CH4+H20  ->  CO  +  3H2 

(2) 

CH4  C  +  2H2 

(3) 

It  seems  that  the  first  mechanism  is  unlikely  to  be  associated 
with  the  SFM  anode;  otherwise  there  should  not  display  such  obvi¬ 
ous  cell  performance  drop  when  the  fuel  was  switched  from  Fl2  to 
CH4.  Therefore,  the  sluggish  performance  in  CH4  can  be  attributed 
to  the  relatively  low  catalytic  activity  of  SFM  for  CH4  reform¬ 
ing/cracking,  a  phenomena  that  has  also  been  observed  in  other 
oxide  based  ceramic  anode.  Bossche  et  al.  found  that  the  domi¬ 
nant  reaction  mechanism  in  the  La0j5Sr025Cro.5oMno.5o03_5  oxide 
anode  is  reaction  3  [27].  Considering  the  following  regenerative 
experimental  results,  coking  had  indeed  occurred  when  operating 
the  cell  using  CH4  as  fuel.  Consequently,  it  is  believed  that  the  third 
reaction  is  also  the  main  mechanism  for  the  SFM  anode.  Therefore, 
one  of  the  efficient  ways  to  improve  the  SFM  anode  performance 
for  direct  hydrocarbon  operations  is  to  introduce  transition  metals 
(Ni,  Ru,  Ir,  etc.),  which  show  excellent  catalytic  activity  for  hydro¬ 
carbon  reforming,  to  the  SFM  anode  [26].  Our  recent  work  indicates 
that  with  even  2  wt%  Ni  infiltrated  to  the  SFM  anode;  the  cell  per¬ 
formance  using  CH4  as  the  fuel  can  be  dramatically  improved  [28]. 

As  discussed  above,  when  using  CH4  as  the  fuel,  the  operating 
temperature  has  a  significant  effect  on  the  anode  coking  problem, 
with  higher  cell  operating  temperatures  leading  to  faster  deac- 
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Fig.  8.  Stability  of  the  SFM|LSGM|SFM  single  cell  at  850  °C  versus  the  time  of  stream 
after  16  cycles,  in  which  the  anode  gas  was  switched  between  Fh,  air  and  CH4.  The 
maximum  power  density  was  recorded  after  each  cycle. 


tivation  [29].  To  illustrate  the  regenerating  efficiency,  a  higher 
operating  temperature  (850  °C)  was  chosen  to  accelerate  anode 
deactivation  due  to  coking.  Prior  to  conducting  the  anode  regen¬ 
erative  test  in  CH4,  the  fuel  cell  was  operated  using  H2  (with  3  vol% 
H20)  as  the  fuel  for  15  h  at  850 °C,  and  the  stability  of  the  cell 
performance  was  confirmed  under  these  operating  conditions.  The 
sequence  of  one  anode  coking  and  regeneration  cycle  is  illustrated 
in  the  inset  in  Fig.  8,  where  after  operating  the  cell  using  H2  as  the 
fuel  for  1  h,  the  anode  was  exposed  to  CH4  (with  3  vol%  H20).  The 
cell  using  CH4  as  the  fuel  typically  exhibited  a  gradual  decrease  in 
cell  performance.  For  regeneration,  air  was  introduced  to  the  anode 
for  30  min  to  remove  any  coke  formed.  The  anode  compartment 
was  briefly  purged  with  N2  between  switching  the  gas  stream  from 
CH4  to  air  or  from  air  to  CH4.  As  shown  in  Fig.  8,  after  operating  the 
cell  using  H2  as  the  fuel  for  40  h,  the  anode  regenerating  test  was 
started  and  the  maximum  power  output  of  the  cell  did  not  change 
significantly  after  1 6  regeneration  cycling  tests  that  lasted  for  200  h, 
indicating  that  SFM  can  be  potentially  used  as  a  regenerating  anode 
material  in  fuel  cells  for  direct  utilization  of  hydrocarbon  fuels. 

4.  Conclusion 

SFM  has  been  found  to  possess  a  simple  cubic  perovskite  struc¬ 
ture  with  no  phase  change  from  room  temperature  to  800  °C  in 
air.  Electrical  conductivity  of  SFM  changes  as  a  function  of  tem¬ 
perature  due  to  the  valence  changes  of  iron  and  molybdenum  ions 
in  the  structure.  SFM  has  been  shown  to  exhibit  excellent  redox 
stability  and  can  be  regenerated  from  sulfur  poisoning  and  cok¬ 
ing  by  exposing  the  deactivated  anode  to  an  oxidizing  atmosphere 


at  the  cell  operating  temperature.  This  regenerating  concept  may 
point  to  a  new  direction  for  the  development  of  durable  SOFCs 
that  can  operate  efficiently  using  sulfur-containing  hydrocarbon 
fuels. 
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